Abstract The effect of bubble volume fraction, ϕ, and bubble size on the rheology of rheology of κ/ι-hybrid carrageenan gum solutions and bubbly liquids with ϕ≤0.25 was studied in steady shear using a parallel plate configuration and in extension using a filament stretching device. Three different bubble size distributions were prepared using (1) planetary mixing (mean bubble size 90-130 μm), (2) mixing followed by pumping through a symmetric syringe (25-38 μm), and (3) as (2) but using an asymmetric syringe (12-20 μm). Gum concentrations of 10 and 20 g/L, lying in the semi-dilute regime, were studied. The unaerated gum solutions are viscoelastic and could be modelled very well as a single-mode Giesekus fluid. The bubbly liquid behaviour in both shear and extension could also be modelled as a single-mode Giesekus fluid. The Giesekus parameters for the bubbly liquids were related to those of the unaerated solutions by monatonic increasing dependencies on ϕ. The low shear rate apparent viscosity followed the trend predicted by the Choi and Schowalter (Phys Fluids 18: 420, 1975) model for emulsions, while the mobility parameter and relaxation time were linearly dependent on ϕ. In these tests bubble size only affected filament extension noticeably, influencing the mobility parameter. Further work is required to explain the observations in terms of micromechanical models.
relaxation time were linearly dependent on ϕ. In these tests bubble size only affected filament extension noticeably, influencing the mobility parameter. Further work is required to explain the observations in terms of micromechanical models. 
Introduction
Bubbly liquids are dispersions of a gas, often air, in a liquid with low to medium volume fraction of the bubble phase so that the bubbles remain discrete, unlike foams, and do not phase separate (cream out) readily on standing. This infers that the bubbles are small and the liquid is viscous and/or shear thinning, so that the bubble rise velocity is small. Bubbly liquids are found in a number of applications, from foamed concrete (Ramamurthy et al. 2009 ), magma (Rust and Manga 2002) and foods ranging from beverages and baked products to ice cream and confectionery, e.g., van Aken (2001) . Aeration also offers a route to create structured, low density and, in the case of food, low-calorie products. Aeration yields foods with a softer texture, increased spreadability, a more homogeneous appearance, and a more uniform distribution of taste (Thakur et al. 2003) .
The presence of the bubble phase modifies the rheology of the continuous liquid phase, giving rise to shear-thinning and viscoelastic behaviour (Llewellin et al. 2002) . There are many similarities with emulsions, with the exception that the viscosity of the dispersed phase is vanishingly small and the interfacial tension is high. At low shear rates, the bubbles resist deformation and the behaviour resembles that of suspensions, with relative viscosity increasing with bubble volume fraction, ϕ. At higher shear rates, bubble deformation occurs, promoting alignment with the flow (e.g., Muller-Fischer et al. 2008) and giving rise to shear-thinning. The transition to shear-thinning behaviour in bubbly liquids and emulsions is usually discussed with reference to the capillary number, Ca, which compares the deforming stress arising from fluid shear to the restoring capillary pressure (see Llewellin et al. 2002; Rust and Manga 2002) . However, other studies on more highly concentrated emulsions (e.g., Golemanov et al. 2008) have demonstrated that Ca is not a reliable indicator of the transition in densely populated systems as the shear stress acting on the dispersed phase at highvolume fractions of the latter will differ noticeably from that in the continuous phase alone owing to bubble/ droplet crowding effects. Llewellin et al. (2002) provided a good review of the pertinent literature as part of their work presenting a constitutive model for bubbly liquid rheology under steady and oscillatory shear conditions. Llewellin et al. (2002) reported experimental data obtained with a Newtonian liquid (golden syrup) as the continuous phase and showed that the results could be successfully described by a modified Jeffreys model. Much of the work on bubbly liquids in food and other applications (e.g., Loewenberg and Hinch 1996; Thompson et al. 2001; Rust and Manga 2002; Fiegl et al. 2003; Muller-Fischer et al. 2008 ) has featured a Newtonian continuous phase: an important exception is the recent work on foamed cements and their analogues (Mahaut et al. 2008; Ramamurthy et al. 2009; Kogan et al. 2013; Ducloué et al. 2014) , where bubbles were introduced to a viscoplastic matrix. Many bubbly liquids of practical interest feature suspensions or solutions with non-Newtonian behaviour as the continuous phase. Important examples are the hydrocolloid solutions used in many foodstuffs, which are prepared by incorporating significant volumes of air into a viscous matrix. The presence of a significant number of bubbles renders them strongly visco-elastic (e.g., Llewellin et al. 2002; Meza et al. 2011; Chesterton et al. 2011a; Torres et al. 2013 ) and the existing theoretical treatments for bubbly liquids have not been able to describe such materials. This knowledge is needed for developing formulations to deliver desired product performance, and also to understand the forces imposed on bubbles during processing which may give rise to bubble break-up and changes in microstructure.
The aim of this study is to promote extension of the current framework for understanding the behaviour of bubbly liquids to those prepared with a non-Newtonian, specifically a shearthinning, continuous phase. We report a systematic investigation of the rheological behaviour of bubbly liquids prepared with two aqueous κ/ι-hybrid carrageenan solutions in simple shear and extensional flows. The gum concentrations employed lie in the semi-dilute regime and were selected as a model non-Newtonian continuous phase. We have recently shown (Torres et al. 2014a ) that the rheological behaviour of the unaerated solutions can be successfully described by a single-mode Giesekus fluid model (Giesekus 1982) , which was originally developed for synthetic polymer solutions: this model provides a description of both steady and extensional behaviour. The Giesekus model also gives a reasonable description of the rheology of the bubbly liquids. The effect of bubble volume fraction as well as bubble size distribution (varied by preparing the solutions differently) on the Giesekus fluid parameters is investigated, in a manner analogous to the impact of solids volume fraction on the behaviour of suspensions (e.g., Poslinski et al. 1988) .
The attention to extensional behaviour arises from its importance in many processing operations, such as flow through filling nozzles. The reliability of constitutive models for shearthinning fluids for strongly extensional flows, where a substantial degree of stretching is anticipated, is not well understood (Gupta et al. 2000) .
κ/ι-hybrid carrageenan Carrageenans are sulphated galactans extracted from red seaweeds (Gigartinales, Rhodophyta), and are increasingly used in industrial applications as thickeners, gelling, suspending, stabilising or texturing agents. Most carrageenophyte seaweeds produce κ/ι-hybrid carrageenans, and alternative algal resources for carrageenan production are needed to cope with the steadily increasing demand for food texturing agents (Hilliou et al. 2012) . They are natural polyelectrolyte copolymers comprising blocks of κ or ι-carrageenan disaccharide units randomly distributed along the chain (Souza et al. 2011) , together with minor amounts of non-gelling disaccharide units (biological precursors). The relative amount of κ or ι depends on the plant biology and the biopolymer extraction procedure. The chemical structure of κ/ι-hybrid carrageenans has a direct impact on its gel properties (e.g., Hilliou et al. 2006; Azevedo et al. 2013) . Despite their relevance to many industrial applications (Bixler and Porse 2011), the viscoelastic-structural properties of bubbly liquids prepared with κ/ι-hybrid carrageenans have not been studied systematically.
Materials and methods

Raw materials
The κ/ι-hybrid carrageenan gum was extracted from M. stellatus seaweed using the method described by Hilliou et al. (2006) . The weight-average molar mass, Mw, was determined by gel permeation chromatography (GPC) with a Dawn Heleos-II instrument (Wyatt Technologies) at room temperature, around 21°C, using a PL-aquagel-OH Mixed-H column (7.5 mm×300 mm, Agilent Technologies), flow rate 0.5 mL/ min, polysaccharide concentration 0.1 % (w/v). A differential refractometer was used as the detector. This yielded a M w value of 2.25×10 6 g/mol and a degree of polydispersity, characterised by M w /M n =2.2 and Mz/Mn=6.69, where Mn and M z are the number average molecular weight and higher average molecular weight, respectively.
Sample preparation
Aqueous solutions of κ/ι-hybrid carrageenan gum (10 and 20 g/L) were prepared following the modified procedure reported by Souza et al. (2011) . The polymer was dispersed in tap water by stirring at 1,400 rpm overnight on a magnetic hotplate stirrer (VMS-C4 Advanced, VWR, UK) at room temperature, between 19 and 21°C, to ensure complete hydration of the gum. Some air was incorporated into the solution during stirring and deaerated samples of the continuous phase were obtained by centrifugation at 2,250 rpm (500×g) for 5 min.
Aeration of κ/ι-hybrid carrageenan gum solutions was performed in a planetary-action mixer (Hobart N50-110, Hobart UK, London). Details of this mixer and estimates of the wall shear rates generated in it are reported in Chesterton et al. (2011b) . The liquids were whisked for 1 to 10 min at a speed setting of 3, giving estimated wall shear rates of 500 s , where Q is the volumetric flow rate corresponding to the syringe plunger movement. The extensional strain experienced by the bubble as it passes into the needle is expected to contribute significantly to bubble break up (see Fiegl et al. 2003; Muller-Fischer et al. 2008 ), but reliable estimates of the strain or strain rate require knowledge of the flow field and hence the rheology of the material. Detailed computational simulations are needed to estimate these parameters. Reporting values based on assumed flow paths or results for Newtonian fluids (both of which are likely be related to 32Q/πD 3 ) was not considered reliable.
All samples were, at minimum, duplicated. The influence of creaming (buoyancy driven separation) effects was considered to be small. The rise velocity of individual bubbles of average size was estimated as several microns per second, which is likely to be an overestimate due to presence of other bubbles. This was considered small given the timescale of tests (several minutes): further evidence that creaming was not significant in these tests included (1) results were reproducible over a period of 2 h following initial preparation, after which time samples were not tested; and (2) similar results were obtained with parallel plate and Couette devices (data not reported).
The air volume fraction, ϕ, was determined gravimetrically following the procedure reported by Allais et al. (2006) . Measurements were carried out at room temperature using a 150 mL plastic cup. The cup was filled with sample and the surface levelled using a spatula. The cup was then weighed and the density determined as the ratio of the mass of sample to cup volume. The air volume fraction was calculated from:
where ρ s and ρ us are the densities of aerated and unaerated samples, respectively. Measurements were made at least in triplicate.
Bubble size measurements
Estimates of the bubble size distributions (with and without syringing) were determined quantitatively by static measurements using a Morphologi G3S image analysis system (Malvern Instruments Ltd., UK) following the procedure detailed by Torres et al. (2013) . Freshly prepared samples were placed between two microscope slides held 1 mm apart by plastic shims and photographed at ×10 magnification. Six consecutive and slightly overlapping images were taken, with the total view spanning two photographs in width and three photographs in length. The bubble size distribution was similar in each photograph. This arrangement minimised the number of partially viewed bubbles and maximised the area-to-perimeter ratio. Image processing was performed semi-automatically: the diameter of each bubble was traced manually, and image analysis software (Corel Draw X3 Pro) was used to measure the traced lines. The air bubbles were sufficiently dispersed to allow bubble diameters to be traced readily. Allais et al. (2006) employed a similar method and suggested a minimum of 250 measurements for accurate representation of an aerated sample. At least 250 bubbles were measured per sample here, always at room temperature. The bubble size data were grouped into classes following the protocol reported by Jakubczyk and Niranjan (2006) , where the number of classes, N c , and the class interval width, w, were given by:
with n b being the number of bubbles measured, and d min and d max the smallest and largest diameters measured. The bubble size data were evaluated by radius and were found to follow a log-normal distribution, as reported previously by Chesterton et al. (2013) .
Shear rheology
Shear rheological measurements (under steady shear) were performed on a Bohlin CVO120HR controlled-stress rheometer (Malvern Instruments, Malvern, UK) using sand-blasted parallel plates (25 mm diameter and 1 mm gap) to prevent wall slip. Separate tests employing different gaps (0.25-1.5 mm) and geometry (smooth-walled Couette) gave similar results, indicating that there was negligible contribution from wall slip. Samples were loaded carefully to ensure minimal structural damage, and held at rest for 5 min before testing to allow stress relaxation and temperature equilibration. A thin film of a Newtonian silicone oil (viscosity 1 Pa s) was applied to the exposed sample edges to prevent evaporation. Initial testing on a series of samples showed little difference between measurements made within 2 h of sample preparation so all tests were conducted within this time frame. This also indicated that any bubble coalescence or ripening that occurred over this period did not have a significant effect. All measurements were made at room temperature (20°C) and, at minimum, duplicated. Error bars are plotted where the measurement uncertainty was greater than the symbol size. The apparent viscosity, η app , was determined as function of shear rate,γ, over the range of 0.01 to 1,000 s −1
. Samples were sheared for 5 s at each shear rate in order to obtain steadystate. Since the shear rate varies with radial position in the parallel plate geometry, the apparent viscosity data were calculated using (Steffe 1996) :
whereγ R is the shear rate evaluated at the rim, R pp is the radius of the parallel plates and T is the measured torque. The shear response of gum solutions of varying air volume fraction (0-0.25) was fitted to the result for steady-state shear of a single-mode Giesekus fluid (Giesekus 1982) . These expressions have been successfully applied to describe the flow curve of deaerated aqueous guar gum and κ/ι-hybrid carrageenan solutions in the semi-dilute regime (Torres et al. 2014a ).
The dimensionless terms n 2 and Λ are given by
where λ is the relaxation time and a the mobility parameter. Several workers (Schleiniger 1991; Yoo and Choi 1989) have reported that although the mobility parameter can theoretically take any value in the range 0<a<1, physically realistic solutions are only obtained over the range 0<a<0.5; an upper limit of 0.5 was hence used here. The normal force, F normal , generated by the flow between parallel plates was measured in steady shear tests on the Bohlin rheometer. Measurements of axial thrust were used to estimate the normal stress difference, N 1 −N 2 , via (Steffe 1996) :
The magnitude of the normal stress differences was compared to the measured shear stress and apparent viscosity to give an indication of when elastic forces became significant. The normal force correction due to inertial effects was estimated using (Kulicke et al. 1977) :
where Ω is the angular velocity and ρ s is the liquid density. This force correction was negligible for all tests conducted here. Normal forces due to surface tension were also found to be negligible. Contributions from surface tension were similarly small. For a Giesekus fluid the first normal stress difference, N 1 , is given by (Wang et al. 2006; Bird et al. 1987 )
and the second normal stress difference by (Bird et al. 1987 )
Equations (10) and (11) were used to estimate the magnitude of the stress difference, N 1 −N 2 , for comparison with data collected in steady shear experiments.
Extensional rheology
Extensional measurements were carried out using the Cambridge Trimaster, a filament stretch and break-up (CaBER) device described in detail by Vadillo et al. (2010) . The apparatus consists of two cylindrical 1.2-mm diameter stainless steel stubs which are moved vertically apart at high speed with high spatial precision. The sample is subject to an initial rapid finite stretch which promotes the formation of a filament that subsequently thins and will eventually break (i.e., CaBER mode). Measurements reported here featured an initial gap spacing of 0.6 mm, final gap spacing of 1.5 mm and separation speed of 75 mm s −1 . Filament stretching and thinning profiles were monitored using a high speed camera (Photron Fastcam SA3) which allows the diameter of the filament midpoint, D mid (t), to be measured to ±0.1 μm at a rate of 5,000 frames per second. All experiments were performed at least in duplicate in an air-conditioned room at 20°C. Filament measurements were obtained using automatic image treatment in the Cambridge Trimaster software. Three characteristic diameters were recorded: D 0 , the initial sample diameter, being that of the plates; D 1 , the diameter of the filament when it was first formed, and D b , the diameter at break-up. The symmetry of the sample during thinning was checked by comparing the filament diameter at positions 100 μm above and below the mid-plane. Results obtained from non-symmetric filaments were discarded. The influence of gravity is characterised by the Bond number:
where g is the gravitational constant and α is the liquid-air surface tension. The sample density was estimated as outlined above: the parameter values lie in the range ρ s ∼1,080 kg m , giving Bo values around 0.05. Gravitational effects were therefore expected to be negligible, which was confirmed by most filaments being symmetrical.
The Trimaster device did not feature a force transducer so separating forces were not recorded. Estimates of the apparent extensional viscosity, η e , in the filament stretching regime can be obtained using (Vadillo et al. 2010) :
where X is a coefficient which accounts for the deviation of the filament shape from a uniform cylinder due to inertia and gravity, and t is the elapsed time. Several authors report X values of ∼0.7 for polymer solutions at approximately zero Reynolds number (McKinley and Tripathi 2000; Vadillo et al. 2010 ) and this value was used in these calculations. The equilibrium surface tension between the κ/ι-hybrid carrageenan gum solutions and air at 21°C was reported by Torres et al. (2014a) . The Hencky strain, ε, experienced by the sample at the axial midplane at time t is defined using the midfilament diameter:
Torres et al. (2014a) showed that the evolution of the filament mid-plane diameter for a single-mode Giesekus fluid undergoing filament stretching follows:
Statistical analysis
The parameters of the considered models were determined from the experimental data with a one-factor analysis of variance (ANOVA) using PASW Statistics (v.18, IBM SPSS Statistics, New York, USA). When the analysis of variance indicated differences among means, a Scheffé test was carried out to differentiate between means with 95 % confidence (p<0.05).
Results and discussion
Bubble size distributions
Selected images of κ/ι-hybrid carrageenan gum bubbly liquids with ϕ ∼0.25 aerated for 10 min (labelled "whisked"), and aerated then syringed, are presented in Fig. 1 . The gum solutions contained some bubbles initially (ϕ ∼0.05). The air volume fraction, ϕ, increased from 0.05 to 0.25 as the aeration time was extended from 1 to 10 min. Bubbly liquids aerated for shorter times showed similar microstructures and marginally larger bubbles. Similar trends were observed with cake batters by Chesterton et al. (2011b) and guar gum bubbly liquids (Torres et al. 2013 ).
The photographs in Fig. 1 show a marked effect of syringing, with the number of bubbles at a given value of ϕ increasing noticeably and bubble sizes decreasing as a result of this further processing. The corresponding bubble size distributions are presented in terms of number distribution and estimated volume distribution in Fig. 2 . All the bubbly liquids studied, i.e., both those prepared with 10 and 20 g/L κ/ι-hybrid carrageenan gum solutions, gave unimodal size distributions and fitted a log-normal distribution well: the parameters for the number distributions are reported in Table 1 . The volume distribution parameters, being calculated from the number raw data, are reported in Supplementary  Table 1 .
The bubbly liquids studied here were generated by aeration for 10 min, giving ϕ ∼0.25. With no further processing (labelled "whisked"), the measured diameters ranged from 15 to 360 μm, with a mode in the number distribution around 95 μm (and around 150 μm in the volume distribution. Figure 2b shows that the volume distributions are strongly weighted towards larger bubbles, and can be skewed by small numbers of large bubbles, as evident in the whisked data set. Syringing through a symmetric geometry reduced the bubble diameter range to 5-255 μm, with a number mode around 25 μm (volume mode 50 μm). Greater reduction was observed with asymmetric syringing, giving bubble diameters ranging from 5 to 160 μm, with a mode around 15 μm (volume mode 25 μm). Figure 2 and Table 1 show that similar trends were observed with both 10 and 20 g/L solutions: syringing yielded distributions with smaller bubbles in all cases.
Syringing exposes the bubbles to extensional and shear strain, and the contributions of both are considered next. The apparent shear rate (i.e., the wall shear rate for a Newtonian fluid) in the needle (around 250 s −1 ) was smaller than the maximum shear rate estimated at the wall in the mixer (around 500 s −1 , see Chesterton et al. 2011b ). The local shear rate in the centre of the needle will be smaller than the above value, and these factors suggest that the larger bubbles are not broken up as they pass along the needle. The capillary number estimated for bubbles with diameters of 25 and 15 μm (modal values of the number distributions), using the shear stress measured for the bubbly liquids at the above apparent wall shear rates, was ∼0.001 and 0.0008, respectively. The capillary number for the modal values in the volume distribution is also small. These are all considerably lower than the critical value of Ca for droplet/bubble breakup by simple shear on the Grace diagram for droplet breakup (Grace 1982) , and the tip break-up locus reported by Muller-Fischer et al. (2008) . It is debatable whether these limits are valid here owing to the large difference in viscosities and non-Newtonian nature of the continuous phase. The above evidence indicates that the extensional strain experienced by the bubbles at the nozzle entry during syringing is responsible for the reduction in bubble size. The measured bubble size distribution can also be compared to the bubble volume fraction, which is measured by a different method. The number of bubbles per cubic centimeter, n b , increased with aeration time (and ϕ) for all samples, by almost an order of magnitude: (1) 
Shear rheology
Steady shear measurements Figure 3 shows flow curves (apparent viscosity vs. shear rate) for centrifuged 10 and 20 g/L gum solutions, and selected bubbly liquids generated by whisking at different aeration times. Gum concentration and shear rate have significant effect on apparent viscosity. Similar profiles and magnitudes were found for samples after symmetric and asymmetric syringing (data not presented), indicating that bubble size (with the size range and the tools employed here) did not have a significant effect.
The gum solutions and their bubbly liquids all exhibit shear-thinning behaviour, where the apparent viscosity decreased with shear rate, as reported by Torres et al. (2014a) . The shear rate at which the zero-shear rate viscosity plateau ends depends on polymer concentration, as reported in the above study for unaerated κ/ι-hybrid carrageenan gum solutions. Similar findings were found for other polymer solutions such as guar and locust bean gum (Chenlo et al. 2010; Bourbon et al. 2010) as well as carboxymethylcellulose, dextran or Arabic gum (Williams and Phillips 2000) . Figure 3 also shows that the Giesekus model (Eq. (5)) gives a good description (regression coefficient, R 2 >0.992) of the linear shear rate data for these κ/ι-hybrid carrageenan gum solutions and their bubbly liquids. Equation (5) has four adjustable parameters: the zero shear rate viscosity, the infinite shear rate viscosity, the Giesekus mobility parameter and the relaxation time. η ∞ was set at zero and the other three parameters calculated from the steady shear data sets are presented in Table 2 . The η 0 values obtained from fitting are very close to those measured at the lowest shear rate studied, 0.01 Table 1 suggesting that the latter could be used as a reliable estimate and reducing the number of degrees of freedom in the fitting exercise. The η 0 values are of similar magnitude to those reported by Azevedo et al. (2014) for de-aerated κ/ι-hybrid carrageenan gum solutions in 0.1 mol/L NaCl at concentrations up to 20 g/L. Inspection of the parameters in Table 2 suggests that the relaxation time increased with increasing air volume fraction: the increase with polymer concentration is expected. Similar trends were found with guar gum bubbly liquids (Torres et al. 2013 ). The relaxation times were not affected by the method of aeration and bubble size, whereas there was a small effect on a which is discussed below. In all cases, the apparent viscosity at a given overall shear rate increased with air volume fraction, as reported by Llewellin et al. (2002) for golden syrup-based liquids, and guar gum solutions by Torres et al. (2013) . Chesterton et al. (2013) used the same mixer to aerate cake batters and reported similar behaviour. With cake batters, the shear-thinning nature of the continuous phase plays an essential functional role by imparting a high apparent viscosity after bubbles are generated in the mixer, retarding subsequent creaming of the bubbles. Figure 4 summarises the influence of ϕ on the relative viscosity, η ro , at low shear rate (0.01 s −1 ), the scaled relaxation time, λ/λ(ϕ=0), and the scaled mobility parameter, a/a(ϕ=0). The relative viscosity, η r0 was calculated by dividing the (low shear rate plateau) apparent viscosity by the value obtained for the centrifuged κ/ι-hybrid carrageenan gum solution (ϕ=0). Table 2 . In this and subsequent plots, error bars are not plotted if the uncertainty in data values is smaller than the symbol size Figure 4a shows that η r0 exhibited an almost exponential dependency on ϕ, exhibiting good agreement (R 2 ≥0.989) with the model developed by Choi and Schowalter (1975) for emulsions, wherein η ro =1+I(ψ)ϕ, with ψ=ϕ 1/3 and I(ψ) given by:
Here, k is the ratio of the shear viscosity of the dispersed phase to that of the continuous phase and was set at zero for calculating the locus in Fig. 4a as it is of order 10
. There is good agreement with the Choi and Schowalter model for both gum concentrations. Several models for the dependency of η r0 on ϕ, with slip boundary conditions, were tested against the data and Eq. (17) gave the best agreement.
The data for small ϕ follow the classical Taylor (1932) result for dispersed inclusions with wall slip, η r =1 + ϕ. A linear trend, but with different gradient, of η r =1+1.5ϕ, could arguably be fitted to the data up to ϕ=0.15. Linear dependencies of η r0 on ϕ, with different gradients, were reported by Llewellin et al. (2002) for (Newtonian) golden syrup-based liquids, and by Chesterton et al. (2013) and Torres et al. (2013) for different non-Newtonian continuous phases.
The relaxation times in Table 2 increase modestly with bubble volume fraction but there is little effect of bubble size (represented by whisking cf. syringing). The dominant factor is the gum concentration, as observed with the η 0 data sets. Figure 4b shows that both concentrations give a modest, linear increase with ϕ, with λ/λ(ϕ=0)≈1+2.5ϕ, which is reminiscent of the Einstein result for shear viscosity where the bubbles act as non-deformable spherical inclusions (and there is no wall slip). Figure 4c shows that the scaled mobility values also increased linearly with ϕ for the 10 g/L bubbly liquids. For the 20 g/L gum cases, a/a(ϕ=0) is almost constant as ϕ increases from 0.5 to 0.25. This is likely to be because the a values lie near the constraint of a ∼0.5. There is an effect of bubble size (particularly for the 10 g/L case), with the enhancement in mobility parameter being lower for small bubbles. This is consistent with a describing the anisotropy of hydrodynamic drag and Brownian motion on the fluid. We propose the following qualitative explanation: when a tends to zero, the Giesekus model approaches the upper convective Maxwell model, which does not predict shear thinning under steady shear (Peters et al. 1999) . If the elongational deformation of the bubbles is the feature promoting shear thinning behaviour (and a less linear response), then larger bubbles, with their smaller Laplace pressure and greater tendency to deform, will be associated with larger values of a. Conversely, reducing the bubble size, yielding less deformable entities, will reduce a, as observed here.
At this point, the limitations of using the Giesekus model to describe these microstructured materials become apparent. The model fits the data sets well but its origin lies in polymer solutions. Why the presence of the bubbles would affect the relaxation time of a solution, to extend it, is not clear to the authors, and a quantitative explanation of the effect of bubbles on the mobility parameter is similarly unavailable. Inspection of Table 2 Parameters obtained by fitting the steady shear (Fig. 2) and extensional data (Fig. 9 ) for 10 and 20 g/L κ/ι-hybrid carrageenan gum solutions and bubbly liquids to Eq. (5) Eqs. (5)- (7) and (10)- (11) shows that these two parameters, together, largely determine the degree of shear thinning and normal stress differences. The effect of bubbles in a viscoplastic continuous phase has been related to shear rate concentration in micromechanical treatments by workers such as Ducloué et al. (2014) . These bubbly viscoelastic liquids require further, tailored microscale measurements as we all detailed analysis such along the lines of that by Loewenberg and Hinch (1996) but with a visco-elastic fluid as the continuous phase.
Normal stress differences
Measurable normal stress differences are associated with viscoelasticity and examples of N 1 −N 2 against shear rate are presented in Fig. 5(i) . Only reliable measurements of N 1 −N 2 are presented: those obtained at lower shear rates were subject to scatter related to the sensor precision and have been excluded from the plot. Sizeable normal forces are observed above 10 and 0.1 s −1 for the deaerated 10 and 20 g/L solutions, respectively, which correspond to the onset of shear-thinning region in Fig. 3 . The Weissenberg number at this transition can be calculated using Wi=λγ, given the relaxation times in Table 2 . This gives Wi ∼1-2 in each case, indicating that the departure from Newtonian behaviour is related to the elastic response of the polymers. The normal forces are enhanced by the presence of bubbles and N 1 −N 2 values at a given shear rate increases with ϕ. The enhancement in N 1 −N 2 is particularly noticeable in the 10 g/L solutions at lower shear rates, where the contribution from the base solution is small. This is not evident with the 20 g/L solution as the solution contribution is larger. Figure 5 (i) also shows that the normal stress differences predicted by Eq. (10) with the parameters η 0 , λ and a obtained from steady shear data in Table 2 gives very good agreement for all the systems tested. The presence of the bubble phase affects all three Giesekus parameters, so it is not immediately obvious which attribute of bubble deformation affects the measured normal forces. Chesterton et al. (2013) also reported that the presence of the bubble phase gave rise to significant normal forces in their study of cake batters, which were much larger than those associated with the de-aerated matrix. These results again indicate that the steady shear behaviour of these gum solutions and their bubbly liquids can be described reliably using a single-mode Giesekus fluid model. Figure 5 (a, ii) and (b, ii) show the data in Fig. 5(a, i) and (b, i) re-plotted in the form of the ratio of measured normal stress differences to the measured shear stress, (N 1 −N 2 )/τ, against the dimensionless shear stress, τ*=τR/α, where R is the volume-average bubble radius. τ* is a form of the capillary number: it was employed by Golemanov et al. (2008) to describe high volume fraction emulsions and is used here rather than the capillary number, as the reader may expect the shear rate and viscosity to be known a priori: these quantities are not independent here. All the liquids (apart from the 10 g/L gum solution at shear rates below 80 s −1 exhibit a similar dependency on τ*, viz. (N 1 −N 2 )/τ ∝ τ* 0.5 . The enhancement is related solely to the amount of air present and does not appear to be related to the degree of deformation of the bubbles as the trend in the data sets continue beyond τ* values of unity, where the normal stress difference approaches the capillary stress in the larger bubbles. Golemanov et al. reported droplet break-up in their emulsion studies at τ* values around 0.2 but bubble breakup was not observed in these experiments (the samples did not change in opacity notably between before and after testing). Although not investigated here, it would be interesting to determine whether a stress ratio was reached at which bubbles deformed to the point of breakage.
In previous work with aqueous guar gum bubbly liquids (Torres et al. 2013) , liquids prepared with apparent viscosities similar to those here exhibited similar trends in shear stress but larger elastic effects, reaching stress ratios of order 10 3 at τ*< 0.1. Meza et al. (2011) also reported larger stress ratio values, at τ*<0.1, for high sugar content cake batters. The larger stress ratios observed in guar gum-based liquids can be attributed to the larger elastic effects in the base solutions.
Extensional rheology Figure 6 shows the evolution of mid-filament diameter, D mid , for centrifuged κ/ι-hybrid carrageenan gum solutions (10) and (11) calculated using the parameters in Table 2 . Air volume fraction: 0 (diamonds); 0.15 (triangles); 0. 25 (squares) prepared at 10 g/L and their bubbly liquids. Black (symmetric) and grey (asymmetric) solid lines show the results obtained with syringed samples. The diameter is determined by the balance of viscous/elastic forces and surface tension: viscous forces tend to stabilize the filament, while surface tension acts to destabilize it, causing the increasingly rapid decrease in the diameter until the filament breaks apart. The sharp drop in D mid to time AP corresponds to the filament being formed. There then follows an exponential decay, after which the rate of filament thinning increases towards break-up at time t F . Samples prepared with 20 g/L solutions exhibited the same trend (Supplementary Material, Fig. A.1 ). Similar trends were observed for cake batters (Meza et al. 2011 ) and for de-aerated κ/ι-hybrid carrageenan gum solutions in the absence of bubbles (Torres et al. 2014a) , and confirms non-Newtonian behaviour. Figure 7 shows that the individual data sets for whisked liquids in Fig. 6 collapsed to a common form when the capillary diameter, normalised against D 1 , as in Eq. (15), was plotted against normalised time, viz.
The data obtained with 20 g/L gum solutions exhibited the same master curve (see the inset on Fig. 7) . Chesterton et al. (2011a) reported similarly good data reduction for cake batters prepared using several different flours, as did Torres et al. (2014a, b) for de-aerated and dilute bubbly liquids based on guar gum. Analogous behaviour has been reported for other biopolymer solutions, such as cellulose (Haward et al. 2012) , where self-similar filament thinning behaviour is observed when the time is normalised by the polymer relaxation time. Torres et al. (2014a) showed that Eq. (15) is able to reproduce this behaviour for dearated κ/ι-hybrid carrageenan gum solutions. Its suitability for these solutions and their bubbly liquids is demonstrated by Fig. 8 . Similarly good agreement was obtained for samples prepared with symmetric and asymmetric syringing (data not presented). The dashed loci in this figure show the extensional behaviour predicted for a single-mode Giesekus fluid, Eq. (15) , with the parameters obtained from fitting to the shear rate data in Fig. 3 , listed in Table 2 . The surface tension values reported by Torres et al. (2014a) , of 0.0714 N/m (10 g/L) and 0.0703 N/m (20 g/L) were used in calculating these loci. The prediction gives an excellent description of the filament behaviour and approach to t F for both families of bubbly liquids.
The above results indicate that these aerated gum solutions, based on a continuous phase which exhibits Giesekus fluid behaviour, also exhibit Giesekus fluid behaviour. This suggests that the presence of the bubble phase can be represented by modifying the Giesekus pararameters, in a similar vein to the work by Llewellin et al. (2002) where a modified Jeffreys fluid model was used to describe bubbly liquids prepared with a Newtonian liquid phase. Similar results for guar gum bubbly liquids in the semi-dilute regime (5 g/L) were reported by Torres et al. (2015) , albeit with different functional dependency. Deviations from single-mode Giesekus fluid behaviour were observed at higher guar gum concentrations, when the continuous phase had entered the entangled regime and a multi-mode description is likely to be needed. The effect of the bubble phase on the different modes requires further investigation.
The extent of correlation in these Giesekus parameters can be gauged by examining the limiting behaviour of Eq. (15). As the filament diameter approaches zero, the time, t, tends to the filament rupture time, t F . As D/D 1 →0, Eq. (15) gives
where
t F can then be estimated from Eq. (19) for the parameter sets in Table 2 . Figure 9 shows excellent agreement between the estimated t F values and those obtained experimentally. Similar results were found for guar gum solutions in the semi-dilute regime (Torres et al. 2014a; 2015) and for both types of syringed samples. Figure 6 shows that the filament breakup time, t F , whilst strongly sensitive to bubble volume fraction, is also sensitive to the bubble size and initial filament diameter. Figure 10a shows that smaller bubbles gave shorter t F at all ϕ values tested, for both 10 and 20 g/L solutions: t F (whisked)>t F (symmetric) >t F (asymmetric). The plots in Figs. 7a and 6a show this to be a weaker effect than the dependency on bubble volume fraction, with fitted trends (note that times are in milliseconds) 
The stronger dependency on ϕ can be ascribed to its influence on all three Giesekus parameters which appear in Eq. (15). The influence of bubble size is consistent with Eq. (15), as the mobility parameter-which Fig. 4c shows a noticeable sensitivity to bubble size in shear flow tests-influences the exponential decay term on the LHS. The effect of initial filament diameter with whisked samples is shown in Fig. 10b alongside the prediction of Eq. (19). Excellent agreement is evident, confirming the applicability of the Giesekus description.
An interesting feature in all the data sets in Figs. 7-9 is that the measurements of filament diameter do not show any appreciable deviation from the monatonic trends which would be associated with discrete bubble events such as bursting or localised stretching, even when the filament diameter is of comparable magnitude to the original bubbles. This indicates that the filament is undergoing pure extension, promoting bubble stretching and possibly break-up (as studied by Muller-Fischer et al. (2008) . It was not possible to recover the filament material to measure the bubble size distribution after stretching. In contrast, Chesterton et al. (2011a) observed rupture in cake batter filaments when the diameter approached the size of the (rigid) flour particles present in the mixture.
Extensional viscosity
An estimate of the apparent extensional viscosity was obtained using Eq. (12). This analysis assumes that the equilibrium surface tension values can be used to estimate the forces involved in extension; direct measurement of the force in the filament is required to confirm these values. Figure 11 shows the apparent extensional viscosity as a function of the Hencky strain of bubbly liquids prepared with 10 and 20 g/L solutions after 10-min aeration (ϕ=0.25, whisking) as representative examples. The η e values for intermediate ϕ values lay between the data sets on Fig. 11 (data not reported) . Since the apparent extensional viscosity profiles are a function of the midfilament diameter, D mid , which itself changes as a function of time, the values are governed by the self-thinning of the filament, and are not a response to an imposed shear rate, as in shear rheometry. The extensional viscosities increase sharply at low Hencky strains, approaching an asymptote at higher strains. In the case of the bubbly liquids, η e at a given Hencky strain increases with ϕ, which is consistent with the observed increase in η app with air volume fraction. Qualitatively, the trend of η e as a function of ε is the same for both aerated and de-aerated liquids. Similar trends and parameter values were found for the bubbly liquid samples after syringing.
Discussion
The aim of this study was to determine whether the rheological behaviour of bubbly liquids generated by aeration of a non-Newtonian continuous phase could be related to that of the base liquid, for a "well-behaved" viscoelastic fluid, to complement the work by Mahaut et al. (2008) and Ducloué et al. (2014) who have studied the effect of introducing bubbles into a viscoplastic medium.
The experimental results have indicated that the bubbly liquids behave as Giesekus fluids, as did the κ/ι carrageenan base solutions, with enhanced viscosity and elasticity, as expected, and with low shear rate dependency on ϕ which agrees with existing models for low Ca behaviour. The behaviour at higher shear rates, i.e., the extent of shear thinning and filament stretching, is reflected in different a and λ values, and systematic trends are evident. Relating the observed dependency on bubble volume fraction (and the small influence of bubble size) on the Giesekus parameters to allow a priori prediction of these trends requires further work, such as revisiting the analysis by Loewenberg and Hinch (1996) to include a Giesekus fluid as the continuous phase.
A simple syringing method proved to be very effective at achieving relatively fine dispersions with these solutions. Inspection of the capillary numbers due to shear indicates that the breakup mechanism is related to the extension experienced by the bubbles during syringing. The deformation of individual bubbles in a viscoelastic fluid undergoing deformation has been considered by several workers (e.g., Pearson and Middleman 1977; Papaioannou et al. 2014 ) but extension to a field of bubbles in a converging duct has yet, to our knowledge, to be attempted. This would provide insight into bubble breakup, which is important for many of the applications of these fluids as well as the preparation route. One attractive facet of the Giesekus constitutive equation is that it is incorporated in many fluid flow solvers, so that simulating the flow pattern in the syringes can be attempted and averaged local strain rates evaluated. This is the subject of ongoing work.
Conclusions
This paper has presented shear and extensional rheology data that quantify the additional viscoelastic contribution that air bubbles impart to a viscoelastic continuous phase, specifically κ/ι-hybrid carrageenan solutions in the semi-dilute regime. It was found that the behaviour of un-aerated κ/ι-carrageenan at concentrations between 5 and 25 g/L, and of the subsequent bubbly liquids formulated with these solutions, could be modelled accurately as a single-mode Giesekus fluid. For a specific bubbly liquid, with the same gum concentration and air volume fraction, a single set of Giesekus parameters could be used to describe both the shear and extensional response of the fluid.
Increasing the air volume fraction in the bubble liquid resulted in an increase of the level of measurable viscoelasticity, as evidenced by the increase in filament break-up time. This was accompanied by a monotonic increase in the Giesekus parameters, notably increases in the relaxation times, mobility parameters and relative viscosities. Interestingly, measurements of the low shear rate apparent viscosity also increased with increasing air volume fraction following the trend for emulsions predicted by Choi and Schowalter (1975) .
The non-dimensional filament diameter for all the carrageenan gum solutions tested collapsed onto a single mastercurve when plotted against non-dimensional time. This behaviour has been previously observed for semi-dilute guar gum solutions (Torres et al. 2014a, b) and cake batters (Chesterton et al. 2011a) , and it has been previously shown that insight into this behaviour (Torres et al. 2014a) can be gained by analysis of the limits of the filament-thinning expression derived from the Giesekus model. 
